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ABSTRACT

The tumor suppressor p53 is a well-characterized
transcription factor that can bind gene promoters
and regulate target gene transcription in response
to DNA damage. Recent studies, however, have re-
vealed that p53 binding events occur predominantly
within regulatory enhancer elements. The effect of
p53 binding on enhancer function has not been sys-
tematically evaluated. Here, we perform a genome-
scale analysis of enhancer activity from p53-bound
sequences using a series of massively parallel re-
porter assays (MPRAs) coupled with the assay for
transposase-accessible chromatin (ATAC-Seq). We
find that the majority of sequences examined display
p53-dependent enhancer activity during the DNA
damage response. Furthermore, we observe that p53
is bound to enhancer elements in healthy fibrob-
lasts and poised for rapid activation in response
to DNA damage. Surprisingly, our analyses revealed
that most p53-bound enhancers are located within
regions of inaccessible chromatin. A large subset of
these enhancers become accessible following DNA
damage indicating that p53 regulates their activity,
in part, by modulating chromatin accessibility. The
recognition and activation of enhancer elements lo-
cated within inaccessible chromatin may contribute
to the ability of the p53 network to function across
the diverse chromatin landscapes of different tissues
and cell types.

INTRODUCTION

The tumor suppressor p53 is a master regulator of the DNA
damage response and a central line of defense against ge-
nomic instability (1-6). Following DNA damage p53 func-
tions as a transcription factor and regulates the expression

of a diversity of genes that influence cell fate decisions (7).
Although several genome-scale analyses of the p53 network
have been performed, most of these studies have focused ex-
clusively on interactions between p53 and gene promoters
(8-10). The vast majority of p53 binding sites occur outside
of gene promoters and the functional impact of these sites
on the DNA damage response remains unclear.

One recent analysis of the p53 network in human fi-
broblasts identified seven p53 binding sites that occur out-
side of gene promoters and harbor histone modifications
consistent with regulatory enhancer elements (11). Concur-
rently, an independent study in Drosophila uncovered an
additional intergenic p53 binding site that functions as an
enhancer element (12). In the aforementioned studies the
p53-bound enhancers were shown to regulate the expression
of distant genes through mechanisms that involve chromo-
some looping. Subsequent reports have identified hundreds
of putative p53-regulated enhancers demonstrating that en-
hancer regulation by p53 may be a more widespread phe-
nomenon and an important part of the p53 network (13-
15). To validate this possibility a genome-scale evaluation
of enhancer activity from p53 binding sites is required.

Here, we integrate multiple functional genomics ap-
proaches and provide a systematic analysis of enhancer ac-
tivity from p53 binding sites throughout the genome. We
have designed and performed a series of massively paral-
lel reporter assays (MPRAs) and quantified the regulatory
capacity of p53-bound sequences during the DNA dam-
age response. Moreover, we have incorporated the use of
the assay for transposase-accessible chromatin (ATAC-Seq)
and profiled the regulatory activity of p53 binding sites in
their endogenous genomic contexts. Collectively, these data
demonstrate that p53 modulates the activity of hundreds of
enhancer elements throughout the genome.

In addition to confirming that many p53 binding sites
function as enhancer elements during the DNA damage
response, our analyses uncovered several previously unap-
preciated aspects of genome regulation by p53. We observe
that p53 is bound to enhancers in healthy fibroblasts and
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is poised for rapid activation in response to DNA dam-
age. Intriguingly, we find that most p53-bound enhancers
reside within regions of inaccessible chromatin. The chro-
matin surrounding many of these enhancers becomes acces-
sible in response to DNA damage indicating that p53 regu-
lates their activity, in part, by modulating chromatin acces-
sibility. Altogether, our results provide strong evidence that
the regulation of enhancer accessibility and activity by p53
is an integral component of the p53 network.

MATERIALS AND METHODS
Cell culture

Human fetal fibroblasts GM06170 (Coriell Cell Reposito-
ries) were cultured in Dulbecco’s Modified Eagle’s Medium
(DMEM) supplemented with 15% fetal bovine serum (Life
Technologies). Fibroblasts were cultured with 500 nM dox-
orubicin for 6 h in MPRA experiments and 12 h in ATAC-
Seq experiments to induce DNA damage.

MPRA plasmid pool transfection

Lipofectamine 3000 (Life Technologies) was used to de-
liver MPRA plasmid pools into fibroblasts as per the man-
ufacturer’s instructions. Fibroblasts were plated in six-well
dishes at a density of S0K cells/well. Fibroblasts were trans-
fected with MPRA plasmid pools (1 pg/well) 24 h after
plating. Culture medium was replaced 24 h after transfec-
tion with fresh medium containing 500 nM doxorubicin
(Sigma) to induce DNA damage. Fibroblasts were har-
vested 6 h post-treatment for RNA and protein isolation.

Western blot

Cell pellets were lysed and protein concentrations were
quantified by BCA assay (Pierce). Western blots were per-
formed on protein lysates (30 wg/well). Primary antibod-
ies used were a-p53 (Cell Signalling Technology, 2524S)
and a-GAPDH (Santa Cruz). Protein was visualized with
horseradish peroxidase-conjugated protein A (Life Tech-
nologies) and Supersignal developing solution (Pierce).

RNA isolation and quantitative PCR

RNA from treated fibroblasts was isolated using TRIzol
(Life Technologies) as per the manufacturer’s instructions.
For each sample, 2 g of RNA was reverse transcribed
using SuperScript III Reverse Transcriptase (Life Tech-
nologies). RNA was treated with DNase I (Worthington)
prior to reverse transcription. qPCR was performed on
an ABI7900HT real-time PCR (Applied Biosystems) us-
ing FastStart Universal SYBR Green Master-Rox (Roche).
Primers for TBP mRNA were supplied by Applied Biosys-
tems. Primers for p21 were designed using Primer3. Only
those primer sets that showed linear amplification over
several orders of magnitude were used for quantification.
Primers and PCR conditions are listed in Supplemental Ta-
ble S8.

Chromatin immunoprecipitation

ChIP experiments were performed as previously described
(13). a-p53 (25248), a-phospho-p53-Ser15 (9284S) and nor-
mal IgG (2729S) antibodies were supplied by Cell Signaling.
Primers for p53 binding sites were designed using Primer3.
Only those primer sets that showed linear amplification over
several orders of magnitude were used for quantification.
Primers and PCR conditions are listed in Supplemental Ta-
ble S8.

MPRA targeted sequencing libraries

MPRA targeted sequencing libraries were generated di-
rectly from 50% of each cDNA reaction using PfuUltra
IT Fusion HS DNA polymerase (Agilent). Libraries were
size-selected using Agencourt AMPure XP beads (Beckman
Coulter). Prior to sequencing, the quality and concentra-
tion of each library was assessed using the Bioanalyzer (Ag-
ilent). Primers and PCR conditions are listed in Supplemen-
tal Table S8.

MPRA expression analysis

MPRA targeted sequencing libraries were generated such
that the first 10 bases of each read corresponded to the
10-base tag used to uniquely identify individual oligonu-
cleotides in the MPRA library. Only those sequencing reads
in which the first 10 bases matched perfectly to a tag in the
MPRA library and the following 26 bases matched the ex-
pected MPRA reporter sequence were used for quantifica-
tion. Expression driven by each variable sequence in the
library was defined by the sum of the reads mapping to
each of the 10 distinct tags corresponding to the respec-
tive variable sequence. Differential expression between un-
treated and doxorubicin-treated fibroblasts was assessed us-
ing DESeq?2 (16). For analysis of basal MPRA activity in
untreated fibroblasts expression was normalized to the in-
put MPRA vector pool.

MPRA sequence activity contribution analysis

To determine the activity contribution of each nucleotide
at each position within the variable region of the MPRA
library, the sum of the activity (absolute fold-change in re-
sponse to doxorubicin treatment) for each element in which
base N appeared at position i was normalized by the fre-
quency at which base N appeared at position i. Activity con-
tributions were rescaled such that the maximum calculated
activity contribution was equal to 1.

ATAC-Seq library generation

Fibroblasts were treated with 500 nM doxorubicin for 12
h to induce DNA damage. Following treatment, ~100K
cells were resuspended in transposition reaction mix (Nex-
tera XT DNA Library Preparation Kit, Illumina) and in-
cubated at 37°C for 45 min. Transposed DNA was iso-
lated using the MinElute PCR Purification Kit (Qiagen).
ATAC-Seq libraries were generated from transposed DNA
using NEBNext High-Fidelity 2X PCR Master Mix (NEB).
Libraries were size-selected using Agencourt AMPure XP



beads (Beckman Coulter). Prior to sequencing, the qual-
ity and concentration of each library was assessed using
the Bioanalyzer (Agilent). Primers and PCR conditions are
listed in Supplemental Table S8.

ATAC-Seq analysis

ATAC-Seq reads were aligned to the human (hg19) genome
using Bowtie2 (17). Aligned reads were analyzed using
Scripture (Broad) to generate a catalog of potential regions
with differential chromatin accessibility (18). To identify re-
gions with significant differences in chromatin accessibil-
ity, differential read coverage between ATAC-Seq libraries
from untreated and doxorubicin-treated fibroblasts was as-
sessed with Cuffdiff2 using the Scripture output as a refer-
ence annotation (19). Analyzed chromosomal regions with
<1 FPKM (fragments per kilobase of region per million
fragments mapped) in untreated cells and >2 FPKM in
doxorubicin-treated cells were considered ‘pioneering sites’.
Regions with FPKM values <1 in untreated cells and <1.5
in doxorubicin-treated cells were considered ‘constitutively
inaccessible’. Regions with <1 FPKM in untreated cells
and 1.5 FPKM to 2 FPKM in doxorubicin-treated cells
were considered ‘intermediate accessibility’. Regions with
FPKM values >1 in both treatments were considered ‘con-
stitutively accessible’. All visualizations represent the aggre-
gate read coverage from three biological replicates.

RINA sequencing and expression analysis

RNA sequencing reads were mapped to UCSC known
genes and our previously described catalog of noncoding
RNAs using TopHat2 with default options (20,21). Dif-
ferential gene expression in response to treatment with
doxorubicin was assessed using Cuffdiff2 with default op-
tions (19). For GRO-Seq, reads were aligned to the human
(hg19) genome using Bowtie2 (17). Differential read cover-
age across genomic regions ranging from 1 kb upstream to
1 kb downstream of previously characterized p53 binding
sites was assessed using Cuffdiff2.

Transcription factor enrichment analyses

Enrichment of transcription factor (TF) binding within pi-
oneering sites was calculated using the formula: enrichment
=(s/S)/(g/G); where s = the number of TF peaks overlap-
ping a pioneering site, S = the number of nucleotides cov-
ered by pioneering sites/the number of nucleotides covered
by TF peaks, g = the number of TF peaks in the genome,
and G = the number of nucleotides in the genome/the num-
ber of nucleotides covered by TF peaks. To calculate statisti-
cal significance of enrichment the labels of all TFs were ran-
domly shuffled and the analysis was repeated 100 times. The
resulting P-values were corrected for multiple hypothesis
testing using the Bonferroni method. Significance analysis
of transcription factor binding site co-occurrence within pi-
oneering sites was calculated using the hypergeometric dis-
tribution given the number of pioneering sites overlapped
by each factor under comparison and the total number of
pioneering sites in the genome. Resulting P-values were cor-
rected for multiple hypothesis testing using the Bonferroni
method.
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Acquisition of publicly available datasets

Human transcription factor binding sites were obtained
through the transcription factor ChIP-Seq Clusters Version
3 track from the UCSC Genome Browser.

RESULTS
Massively parallel reporter assay design

To systematically evaluate the capacity of p53-bound se-
quences to function as regulatory enhancer elements dur-
ing the DNA damage response we designed and performed
a series of massively parallel reporter assays (MPRAs). The
MPRA is a high-throughput sequencing-based method for
simultaneously characterizing the regulatory potential for
thousands of defined DNA sequences in a single experiment
(22,23). For the MPRA we designed 12,000 unique 150-mer
oligonucleotides, ecach containing a 95 base variable region
as well as a unique 10 base barcode sequence (Supplemen-
tary Table S1). The sequences of the variable regions were
selected based on our previous analysis of p53 binding sites
in primary human fibroblasts (13). Each of the variable re-
gions in the MPRA oligonucleotide pool was assigned 10 in-
dependent barcode sequences such that the 12,000 oligonu-
cleotides in the pool represent a total of 1,200 unique vari-
able regions.

For the MPRA oligonucleotide pool we designed 5,700
oligonucleotides with variable regions corresponding to the
genomic sequences of 570 p53 binding sites throughout
the human genome (Figure 1A). In parallel, we designed
an additional 5,700 oligonucleotides that were identical to
the aforementioned genomic sequences with the exception
that the p53 recognition motifs within the variable regions
were randomly scrambled (Figure 1A). The remaining 600
oligonucleotides in the pool represented 60 variable regions
comprised of random sequences that do not occur in the
human genome.

To determine which of the variable regions in the MPRA
oligonucleotide pool can function as enhancer elements we
designed an expression vector system in which the variable
regions are placed immediately upstream of a reporter gene
promoter (we term this a Promoter-Proximal MPRA). In
this two-step cloning approach the oligonucleotide pool is
first cloned into an empty (no reporter gene) plasmid back-
bone (Figure 1B). The resulting vector pool is subsequently
digested with restriction enzymes that separate each vari-
able region from its associated barcode sequence. A reporter
cassette comprised of a minimal promoter followed by GFP
is then cloned between the variable region and the barcode
sequence (Figure 1B). In the final vector pool each GFP re-
porter gene contains the unique barcode sequence that al-
lows the reporter transcript to be associated with the up-
stream variable region modulating its expression.

pS53-bound sequences regulate proximal enhancer activity

To measure the regulatory activity of variable regions within
the MPRA oligonucleotide pool during the DNA dam-
age response the Promoter—Proximal MPRA vector pool
was transfected into GM06170 primary human fibroblasts.
Transfected fibroblasts were then cultured in the presence of
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Figure 1. p53-bound sequences regulate proximal enhancer activity. (A) Schematic of MPRA oligonucleotide library design. (B) Schematic of Promoter-
Proximal MPRA vector design and cloning. (C) Western blot analysis of p53 activation following doxorubicin treatment. (D) RT-qPCR analysis of p21
induction following doxorubicin treatment. Error bars indicate SEM (n = 3). P-values were calculated using the two-tailed unpaired Student’s 7-test with
equal variances. ***P < 0.001. (E) MPRA analysis of enhancer activity from the p21 promoter in response to doxorubicin treatment. Error bars indicate
SEM (n = 2). P-values were calculated using the Wald test. ***P < 0.001. (F) MPRA analysis of enhancer activity from all sequences in the MPRA
oligonucleotide library in response to doxorubicin treatment. P-values were calculated using the two-tailed unpaired Student’s 7-test with equal variances.
***P < 0.001. (G) Quantitative sequence activity contribution of all MPRA oligonucleotides following doxorubicin treatment.

500 nM doxorubicin for 6 hours to activate the p53 response
to DNA damage. Treatment with doxorubicin resulted in
a robust increase in the expression of p53 protein (Figure
1C). Furthermore, doxorubicin treatment significantly acti-
vated the expression of p21, a well-characterized transcrip-
tional target of p53 (Figure 1D). These results demonstrate
that the p53 response to DNA damage remains functional
in cells harboring MPR A expression vectors.

In order to monitor expression levels from the Promoter-
Proximal MPRA vector pool we next performed targeted
RNA-Seq. We generated sequencing libraries by amplifying
the region of the GFP reporter transcripts containing the
unique barcode sequences. The representation of each bar-
code within the sequencing library provides a digital read-
out for the regulatory activity of the upstream genomic ele-
ment. As a positive control we evaluated the regulatory ac-
tivity of sequences within the MPRA pool corresponding
to the p53 binding site within the p21 promoter. Treatment
with doxorubicin resulted in a significant increase in expres-
sion from Promoter-Proximal MPRA vectors containing
the endogenous sequence of this p53 binding site (Figure
1E). In contrast, MPRA vectors containing the analogous
sequence in which the p53 recognition motif was scrambled
were not affected by doxorubicin treatment (Figure 1E).

Interestingly, we observed that expression from
Promoter-Proximal MPRA vectors containing the en-

dogenous p21 promoter sequence was higher than their
scrambled counterparts even in untreated fibroblasts
(Figure 1E). This observation suggests that a basal pool
of p53 (undetectable by Western blot) may be bound
to these sequences in the absence of DNA damage. To
test this hypothesis we evaluated p53 binding at the p21
promoter in fibroblasts cultured in the presence or absence
of doxorubicin using chromatin immunoprecipitation
followed by quantitative PCR (ChIP-qPCR). We detected
p53 occupancy at the p21 promoter in both untreated and
doxorubicin treated cells (Supplementary Figure SI1A).
Doxorubicin treatment had no effect on the level of p53
binding (Supplementary Figure S1A). However, we did
observe a significant increase in the level of activated
p53 (phospho-p53-Serl5) in response to DNA damage
(Supplementary Figure S1B). These findings indicate that
p53 is bound to the p21 promoter in healthy cells and
poised for activation in response to DNA damage.

We next evaluated the expression from all of the se-
quences represented within the Promoter-Proximal MPRA
vector pool. We found that the vast majority of sequences
corresponding to p53 binding sites display increased regula-
tory activity in response to DNA damage (Figure 1F, Sup-
plementary Table S2). This regulatory activity was absent
from Promoter-Proximal MPR A vectors containing scram-
bled p53 recognition motifs (Figure 1F, Supplementary Ta-



ble S2). Moreover, the activity of vectors containing scram-
bled p53 recognition motifs was indistinguishable from vec-
tors containing random sequences (Figure 1F). Consistent
with our observations at the p21 promoter, we found that
expression from Promoter-Proximal MPRA vectors cor-
responding to the endogenous sequences of p53 binding
sites was significantly greater than the expression from their
scrambled counterparts in untreated cells (Supplementary
Figure S1C).

To further understand the sequence properties of p53-
bound regions that drive regulatory activity we calculated
the sequence activity contribution of each nucleotide in
each position of the MPR A oligonucleotide pool. Our anal-
ysis identified the p53 recognition motif as the primary de-
terminant of regulatory activity (Figure 1G). We searched
for additional sequence motifs that might contribute to reg-
ulatory activity using Multiple Em for Motif Elicitation
(MEME) but were unable to detect enrichment of any se-
quences aside from the p53 recognition motif (24). Alto-
gether, the results from the Promoter—Proximal MPRA in-
dicate that p53-bound sequences can function as enhancer
elements when located proximal to transcription start sites.

p53-bound sequences regulate distal enhancer activity

Enhancer elements can be separated from the genes that
they regulate by varying genomic distances. To evaluate the
ability of p53-bound sequences to function as enhancers
when located more distant from transcription start sites we
designed a Promoter—Distal MPRA vector pool. In this
design the MPRA oligonucleotide pool is cloned ~800 nt
downstream of the transcription start site of a GFP re-
porter gene (Figure 2A). As a result, the sequences of the
MPRA oligonucleotides are expressed within the GFP re-
porter transcripts and their regulatory activity can be quan-
tified directly using targeted RNA-Seq.

The Promoter-Distal MPRA vector pool was transfected
into GM06170 primary human fibroblasts, which were sub-
sequently cultured in the presence of 500 nM doxorubicin
for 6 h to activate the p53 response to DNA damage.
We then performed targeted RNA-Seq to monitor expres-
sion from the Promoter-Distal MPRA vectors. As a pos-
itive control for enhancer activity we again focused on
sequences within the MPRA pool corresponding to the
p53 binding site within the p21 promoter. Expression from
Promoter-Distal MPRA vectors containing the endoge-
nous sequence of this p53 binding site was significantly in-
creased in response to doxorubicin treatment, although not
as robustly as with the Promoter—Proximal MPRA (Figure
2B). Promoter—Distal MPRA vectors containing the anal-
ogous scrambled p53 recognition motif sequences were un-
affected (Figure 2B). We again observed far greater regu-
latory activity from Promoter—Distal MPRA vectors con-
taining the endogenous p21 promoter sequence relative to
their scrambled counterparts in untreated fibroblasts (Fig-
ure 2B).

We next monitored the regulatory activity from all of the
sequences represented within the Promoter—Distal MPRA
vector pool. We observed that most of the sequences
corresponding to p53 binding sites display increased en-
hancer activity in response to DNA damage (Figure 2C,
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Supplementary Table S3). This increase was absent from
MPRA vectors containing scrambled p53 recognition mo-
tifs (Figure 2C, Supplementary Table S3). To search for se-
quence properties of p53-bound regions responsible for dis-
tal enhancer regulation we calculated the sequence activ-
ity contribution of the MPRA oligonucleotide pool. Once
again, the only determinant of regulatory activity we were
able to distinguish was the p53 recognition motif (Figure
2D). These results indicate that p53-bound sequences can
function as enhancer elements when located distant from
transcription start sites. As with the Promoter-Proximal
MPRA, we found that expression from Promoter—Distal
MPRA vectors corresponding to the endogenous sequences
of p53 binding sites was significantly greater than the ex-
pression from their scrambled counterparts in untreated fi-
broblasts (Supplementary Figure S1D). This observation
supports a general model whereby p53 is bound to recog-
nition motifs in healthy cells and is poised for activation in
response to DNA damage.

To further understand how the distance between a p53-
bound sequence and a reporter gene promoter affects en-
hancer activity we compared the results from the Promoter—
Proximal and Promoter-Distal MPRAs. In general, we
found that the magnitude of enhancer activation in re-
sponse to doxorubicin treatment was less pronounced using
the Promoter—Distal MPRA approach (Figure 2E). How-
ever, we did observe a significant correlation between the
enhancer activities of the sequences corresponding to p53
binding sites across approaches (Figure 2E). These data in-
dicate that the ability of p53-bound sequences to enhance
gene expression is independent from their distances to tran-
scription start sites.

p53 is bound to enhancers located within inaccessible chro-
matin

Having established that p53-bound sequences have the ca-
pacity to function as enhancer elements using MPRA en-
hancer screens, a transient reporter approach, we next char-
acterized the regulatory potential of endogenous p53 bind-
ing sites using the assay for transposase-accessible chro-
matin using sequencing (ATAC-Seq). Briefly, ATAC-Seq
utilizes transposon integration in live cells as a method for
assaying chromatin accessibility (25). Following incubation
with transposase, the sequence of the transposon can be
used to generate high-throughput sequencing libraries that
permit the identification of transposition sites throughout
the genome. Chromatin accessibility can in turn be used as
a proxy for the identification of active regulatory elements.

We cultured GMO06170 fibroblasts in the presence of
500 nM doxorubicin for 12 h to activate the p53 response
to DNA damage and performed ATAC-Seq. Across three
biological replicates we achieved an average sequencing
depth of 42 million mapped reads per sample in untreated
fibroblasts and 62 million mapped reads per sample in
doxorubicin-treated fibroblasts. In addition, <10% of the
mapped reads in each sample aligned to mitochondrial
DNA, a common contaminant in many ATAC-Seq experi-
ments. Our analyses identified three distinct classes of chro-
matin accessibility profiles surrounding p53 binding sites
(Figure 3A). We found that 21% (565/2,638) of binding sites
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are accessible prior to doxorubicin treatment. These accessi-
ble regions, which we termed ‘constitutively accessible’, rep-
resent regulatory elements that are active in healthy fibrob-
lasts. Of these constitutively accessible sites 43% (240/565)
displayed a >2-fold increase in accessibility following DNA
damage suggesting that p53 further increases the activity of
these elements (Figure 3B). We found that 53% (302/565) of
constitutively accessible binding sites exhibited no changes
in accessibility while the remaining 4% (23/565) of these
sites had a >2-fold decrease in accessibility following dox-
orubicin treatment (Figure 3B).

Surprisingly, we found that 62% (1,630/2,638) of p53
binding sites occur within regions of the genome that are
inaccessible in both untreated and doxorubicin-treated fi-
broblasts (Figure 3A and B). These sites, which we termed
‘constitutively inaccessible’, demonstrate that p53 is bound
to response elements even when located within inaccessi-
ble chromatin. The ability to bind to sites within inacces-
sible chromatin is a distinguishing property of a small class
of transcription factors known as pioneering factors. Pio-
neering factors bind to response elements within condensed
chromatin and can either directly or indirectly promote in-
creases in accessibility that permits the subsequent binding
of additional regulatory factors, a process we refer to here-

after as ‘pioneering activity’ (26). While most p53 binding
sites remain inaccessible in both untreated and doxorubicin-
treated cells, we hypothesized that p53 may function as a pi-
oneering factor at a subset of binding sites during the DNA
damage response. Indeed, we found that chromatin sur-
rounding 10% (275/2,638) of p53 binding sites shifts from
inaccessible to accessible in response to DNA damage (Fig-
ure 3A and B). These regions, which we termed ‘pioneer-
ing sites’, suggest that p53 has the capacity to function as
a pioneering factor and modulate changes in chromatin ac-
cessibility in response to DNA damage. The remaining 168
p53 binding sites that were not classified in one of the pre-
viously described categories were termed as ‘intermediate
accessibility’. Many of these regions resembled pioneering
sites but did not meet the stringent criteria used for classifi-
cation in our ATAC-Seq analyses.

pS3 regulates enhancer accessibility in response to DNA dam-
age

To further understand how pioneering activity at p53 bind-
ing sites relates to pioneering activity across the genome we
performed a global analysis of DNA damage-induced pio-
neering sites. We identified 8,219 regions in the genome that
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displayed clear signs of pioneering activity, 275 of which
are bound by p53 (Figure 3C). Because relatively few pi-
oneering sites are bound by p53 we next searched for ad-
ditional transcription factors that might contribute to the
changes in chromatin accessibility at these regions. Using
publicly available ChIP-Seq data sets collected from a va-
riety of cell types we found that binding sites for 37 fac-
tors are significantly enriched within pioneering sites (Fig-
ure 3D). Despite the relatively low fraction of p53 binding
events that occur within pioneering sites (275/8,219), p53
was among the most enriched factors within these regions

relative to genomic background. The only factors enriched
at levels comparable to p53 were SUZ12 and CtBP2. Both
of these factors have known repressive functions and their
enrichment at pioneering sites likely results from a role in
keeping these genomic regions silent in the cell type from
which their respective ChIP-Seq data were generated. In-
terestingly, we found that two transcription factors enriched
within pioneering sites (PRDM1 and ATF3) are both direct
transcriptional targets of p53 (Figure 3D). This observation
suggests that, in addition to driving changes in chromatin
accessibility surrounding its own binding sites, pS3 induces
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the expression of genes that further reshape the chromatin
landscape of the genome.

To characterize potential interactions between transcrip-
tion factors bound to pioneering sites we next evaluated
transcription factor binding site co-occurrence between all
factors that are significantly enriched within pioneering
sites. For 36 of the 37 factors analyzed we observed sig-
nificant co-occurrence with two or more additional factors
at pioneering sites (Figure 3E). Although none of the fac-
tors included in our analysis have similar consensus motifs,
many of them (i.e. SUZ12 and CtBP2) shared similar co-
occurrence patterns. In contrast, pS3 was the only factor
that exhibited no significant co-occurrence with any other
factors. This indicates that pioneering activity by p53 does
not require the presence of additional factors. Moreover,
these pS3-regulated enhancers appear to be controlled ex-
clusively by p53 and do not crosstalk with other regulatory
networks. Collectively, these results demonstrate that p53
regulates chromatin accessibility at enhancer elements dur-
ing the DNA damage response.

To confirm that p53 has the capacity to function as a pio-
neering factor we used existing ATAC-Seq datasets to pro-
file changes in chromatin accessibility at p53 binding sites
in IMRO90 fibroblasts treated with nutlin (15). Importantly,
nutlin and doxorubicin increase p53 expression through dis-
tinct mechanisms. Doxorubicin treatment results in DNA
double-strand breaks and leads to activation of the p53-
mediated DNA damage response. In contrast, nutlin in-
hibits Mdm?2-mediated degradation of p53 resulting in in-
creased p53 protein expression (27). Using our ATAC-Seq
analysis pipeline we found that chromatin accessibility pro-
files at p53 binding sites were similar across cell lines and
treatments. For example, regions corresponding to consti-
tutively inaccessible and pioneering sites in GM06170 fi-
broblasts displayed significantly lower ATAC-Seq read cov-
erage in DMSO-treated IMR90 fibroblasts when compared
to regions corresponding to constitutively accessible sites
(Supplementary Figure S2A). Consistent with our findings
in doxorubicin-treated fibroblasts, treatment with nutlin re-
sulted in significant increases in chromatin accessibility at
regions corresponding to pioneering sites (Supplementary
Figure S2B). Examples of chromatin accessibility profiles at
p53 binding sites are shown in Supplementary Figure S2C.
These observations further support a direct role for p53 in
modulating chromatin accessibility.

Pioneering activity by p53 uncovers a potent class of en-
hancers

To characterize the relationship between chromatin acces-
sibility and regulatory activity in response to DNA dam-
age we integrated our MPR A enhancer screens with ATAC-
Seq profiles. Of the 570 genomic regions represented in our
MPRA library 34 corresponded to regions of constitutively
accessible chromatin, 445 corresponded to regions of con-
stitutively inaccessible chromatin, and 91 corresponded to
pioneering sites. An example of three proximal pioneer-
ing sites bound by p53 is shown in Figure 4A. Promoter—
Proximal MPRA vectors corresponding to two of these sites
(the third site was not represented in our MPRA oligonu-
cleotide pool) revealed that these sequences have significant

regulatory potential (Figure 4B and C). Promoter-Distal
MPRA vectors corresponding to these sites confirmed that
these sequences also regulate gene expression from distal
sites, further indicating that they are functional enhancer
elements (Figure 4D and E). As seen previously, analogous
MPRA vectors containing scrambled p53 motifs were not
responsive to DNA damage (Figure 4B-E).

We then compared chromatin accessibility profiles with
the activity of endogenous p53 binding sites by evaluating
expression changes for nearby genes in response to DNA
damage. Specifically, we incorporated our previously de-
scribed analysis of differential gene expression in response
to treatment with doxorubicin and compared expression
changes for genes with transcription start sites that occur
within 2 kb (upstream or downstream) of p53 binding sites
(Supplementary Table S4) (13). Consistent with our chro-
matin accessibility profiles, we found that genes located near
constitutively accessible and pioneering sites displayed sig-
nificantly greater levels of induction in response to doxoru-
bicin treatment as compared to genes located near constitu-
tively inaccessible sites (Supplementary Figure S3A). Fur-
thermore, induction of genes near pioneering sites was sig-
nificantly greater than that of genes located near consti-
tutively accessible sites (Supplementary Figure S3A). We
also found that genes located near p53-bound pioneering
sites display lower basal expression levels than those located
near constitutively accessible sites (Supplementary Figure
S3B). Expression of genes near constitutively inaccessible
sites was similar to those near constitutively accessible sites
indicating that genes in these sets are likely regulated by fac-
tors independent of p53 (Supplementary Figure S3B).

As an alternative method for monitoring endogenous en-
hancer activity we used existing datasets to profile enhancer
RNA (eRNA) production at p53 binding sites. Briefly, eR-
NAs are noncoding RNA transcripts derived from en-
hancer elements and their expression is positively corre-
lated with enhancer activity (28). A genome-wide map of
eRNA production in response to p53 stabilization has re-
cently been reported (14). While this dataset was generated
using cancer cells treated with nutlin as opposed to nor-
mal fibroblasts treated with doxorubicin, we reasoned that
general properties of p53 activity might be preserved across
studies.

To evaluate basal enhancer activity we compared eRNA
expression levels in DMSO-treated cells at regions corre-
sponding to p53 binding sites profiled in our study (Sup-
plementary Table S5). We found that regions correspond-
ing to constitutively accessible p53 binding sites exhibit
significantly higher basal eRNA expression levels than re-
gions corresponding to constitutively inaccessible and pi-
oneering sites (Supplementary Figure S4A). Stabilization
of p53 resulted in significant induction of eRNA expres-
sion at p53-bound pioneering sites (Supplementary Fig-
ure S4B). In contrast, eERNA expression at the majority of
constitutively accessible and constitutively inaccessible sites
was not impacted by p53 stabilization (Supplementary Fig-
ure S4B). Examples of eRNA production at p53 binding
sites are shown in Supplementary Figure S4C. These ob-
servations indicate that p53-bound pioneering sites repre-
sent enhancer elements that are inactive under normal con-



Nucleic Acids Research, 2017, Vol. 45, No. 17 9897

A F
8 *
Kk
Mendo
. . [Wscram
p53 (] .
1 [
ChiIP-Seq ] 9 -
= .
Untreated ] g 5 .
ATAC-Seq ] S > .
I C
Doxorubicin] - 8
ATAC-Seq | E ~ .
] u? . :
Untreated ] H
RNA-Seq | -
* *
Doxorubicin]
RNA-Seq ] O
Const. Acc  Const. Inacc Pio. Site
B 200K 200K G
e - p53 Poised Within Inaccessible Chromatin
Mendo = Mendo
e 2| Mscram g 2| Mscram
5 E Proximal = E
z2 zZ
OK: nln . 0K i_-_
D 2o(mma E 20 meae™—
Mscram JECRRS M scram
N ﬂ : 2
§ = Distal g =
o IS [©] o]
-E y l-
0K 0K
Unt Dox Unt  Dox p53-Mediated Chromatin Remodeling

Figure 4. Pioneering activity by p53 uncovers a potent class of enhancers. (A) Examples of p53 binding at pioneering sites. (B-E) MPRA analysis of
enhancer activity from pioneering sites in response to doxorubicin treatment using (B, C) Promoter—Proximal and (D, E) Promoter-Distal MPR A methods.
Error bars indicate SEM (n = 2). P-values were calculated using the Wald test. ***P < 0.001. (F) Promoter-Proximal MPRA analysis of enhancer activity
from all sequences in the MPRA oligonucleotide library (categorized by chromatin accessibility) in response to doxorubicin treatment. P-values were
calculated using the two-tailed unpaired Student’s z-test with equal variances. **P < 0.01, *P < 0.05. (G) Model for mechanism of enhancer regulation by
p53. Hexagons represent putative histone modifications (red = repressive, green = active).

ditions, but are poised for activation in response to p53
stabilization/activation.

Our previous analyses of both Promoter-Proximal and
Promoter-Distal MPRA approaches, and more specifically
at the p21 promoter, revealed that p53 is bound to re-
sponse elements in untreated cells (Supplementary Figure
S1A-D). To determine if this generalization applies to pi-
oneering sites we performed a targeted analysis on an en-
hancer located on chromosome 1 (Supplementary Figure
S5A). Promoter-Proximal and Promoter-Distal MPR A ex-
periments confirmed that this region functions as an en-
hancer element (Supplementary Figure S5B and C). Using
ChIP-qPCR we were able to detect pS3 occupancy on the
endogenous enhancer in both untreated and doxorubicin-
treated fibroblasts (Supplementary Figure S5D). In con-
trast, there was a significant increase in the level of activated
p53 (phospho-p53-Serl5) coinciding with the observed in-
crease in chromatin accessibility at this site (Supplementary
Figure S5E). These findings demonstrate that p53 is bound
to enhancers within inaccessible chromatin and poised for
activation in response to DNA damage.

Finally, we used our MPR A enhancer screen data to com-
pare the regulatory potential of p53 binding sites based
on their endogenous chromatin accessibility profiles. We

found that Promoter-Proximal MPRA vectors containing
sequences located at pioneering sites display significantly
greater induction in response to DNA damage than those
containing sequences located within regions of constitu-
tively accessible chromatin (Figure 4F, Supplementary Ta-
ble S6). Interestingly, Promoter-Proximal MPRA vectors
corresponding to sequences located within constitutively in-
accessible chromatin were induced at levels comparable to
those containing sequences located at pioneering sites (Fig-
ure 4F). We observed similar results when comparing chro-
matin accessibility profiles with activity from Promoter-
Distal MPRA vectors (Supplementary Table S7). Alto-
gether, our results demonstrate that p53 is poised on a po-
tent class of enhancers that are silenced within inaccessible
chromatin but primed for activation in response to DNA
damage.

DISCUSSION

The regulation of gene expression by p53 has been stud-
ied extensively in the context of binding events that occur
within gene promoters. Several recent studies, however, have
found that p53 binding sites occur predominantly within
regulatory enhancer elements (11,13,14). The ability of p53-
bound sequences to function as enhancer elements has not
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been thoroughly explored. Here, we have utilized several
recently described approaches in functional genomics to
characterize enhancer activity from p53-bound sequences
throughout the genome. We have designed and performed
a series of MPRA enhancer screens and experimentally val-
idated hundreds of p53-regulated enhancers. Moreover, we
have incorporated the use of ATAC-Seq and uncovered a
previously unappreciated role for p53 in the modulation
of chromatin accessibility at enhancer elements during the
DNA damage response.

In our MPRA enhancer screens we found that the vast
majority of the genomic sequences that are bound by p53
display some level of enhancer induction in response to
DNA damage. This enhancer activity is preserved regard-
less of the distance between the p53-bound sequence and
the transcription start site of the reporter gene being reg-
ulated. While we did observe differences in the degree of
enhancer activity between the many sequences we investi-
gated, we were unable to identify any specific sequence fea-
tures that explain these variations. In fact, the only distin-
guishable sequence property associated with enhancer ac-
tivity during the DNA damage response was the presence
of a p53 recognition motif. In the absence of a p53 recogni-
tion motif responsiveness to DNA damage was completely
ablated, further demonstrating that p53 is the sole factor
that modulates enhancer activity. Supporting our observa-
tions, an independent report published during the course of
our study described the use of multiplexed reporter assays to
profile enhancer activity from p53-bound regions and iden-
tified a large class of enhancers that are characterized by
single p53 binding sites (29).

Interestingly, our enhancer screen revealed that p53 is
poised on response elements prior to the induction of DNA
damage. We confirmed at two independent endogenous loci
(one promoter and one enhancer) that p53 is indeed bound
prior to the induction of DNA damage. Previous reports
have shown that p53 binds to a specific subset of gene pro-
moters and recruits components of the transcription initia-
tion complex in healthy cells (14,30,31). Our findings extend
this property of p53 to regulatory enhancer elements. Fur-
thermore, we demonstrate that the presence of poised p53
is sufficient to transform bound sequences into functional
enhancer elements that are responsive to DNA damage.

While our MPRA enhancer screens succeeded in un-
covering novel aspects of p53 biology, there were also
some clear distinctions between the enhancer activities from
MPRA expression vectors and endogenous p53-bound se-
quences. Specifically, we observed that many sequences in
our MPRA oligonucleotide pool that exhibited significant
enhancer induction in response to DNA damage actually
corresponded to genomic regions located within constitu-
tively inaccessible, thus inactive, chromatin. These differ-
ences demonstrate that the MPRA is a powerful tool for
evaluating the functional potential of DNA sequences, but
the actual regulatory capacity of an endogenous genomic
sequence is ultimately dictated by the surrounding chro-
matin landscape. These are important considerations to
take into account during the design and interpretation of
MPRA-based approaches.

Perhaps the most striking discovery in our study was
that p53 appears to function as a pioneering factor, bind-

ing to response elements located within inaccessible chro-
matin and modulating changes in chromatin accessibility
in response to DNA damage. In contrast to previous re-
ports demonstrating that p53 can bind to genomic regions
with high nucleosome occupancy in response to DNA dam-
age, we observe that p53 is stably bound within inaccessi-
ble chromatin in healthy cells (15,32). Whether p53 binds to
these regions while chromatin is inaccessible, as opposed to
binding during periods of transient accessibility, remains to
be determined. Intriguingly, we find that pioneering activity
only occurs at a subset of p53-bound enhancers suggesting
that p53 binding is not sufficient for chromatin remodeling.
However, we were unable to identify any specific sequence
features or binding sites for regulatory co-factors that were
predictive of pioneering activity.

We propose that p53 is poised within inaccessible chro-
matin in an inactive state and that p53 activation (via post-
translational modification) in response to DNA damage
promotes chromatin remodeling (Figure 4G). In this model
pioneering activity would be governed by the activation sta-
tus of p53 as opposed to just the binding status. The specific
loci where pioneering activity occurs may be determined by
the physical proximity of p53-modifying enzymes within the
nucleus. Alternatively, p5S3-modifying enzymes may possess
inherent selectivity towards p53 molecules that are bound
to specific sites in the genome.

Finally, we present several lines of evidence demonstrat-
ing that p53 binding sites associated with pioneering ac-
tivity comprise a highly potent class of p53-regulated en-
hancers. We find that genes located near p53-bound pi-
oneering sites display significantly higher levels of induc-
tion in response to DNA damage as compared to genes
near constitutively accessible or constitutively inaccessible
binding sites. Furthermore, we observe significant increases
in eRNA expression from p53-bound pioneering sites fol-
lowing p53 stabilization. Lastly, our MPRA screens re-
vealed that the sequences of p53-bound pioneering sites dis-
play significantly greater enhancer activity during the DNA
damage response as compared to the sequences of constitu-
tively accessible p53 binding sites.

The potent enhancer activity from p53-bound pioneer-
ing sites could not be attributed to the presence of binding
sites for any specific regulatory co-factors or other sequence
properties. Rather, we hypothesize that constitutively acces-
sible genomic regions contain binding sites for a large array
of regulatory factors and that p53 must compete with all of
these factors to modulate enhancer activity. Conversely, se-
quences located within inaccessible chromatin are less likely
to contain response elements for as many regulatory factors.
Therefore, the elevated enhancer activity from sequences lo-
cated within pioneering sites may result from the lack of reg-
ulatory competition with other factors as opposed to the
presence of any single co-factor. This regulatory competi-
tion would also explain the overall variation in the enhancer
activity we observed in our MPRA enhancer screens.

In conclusion, our findings have shown that p53 binding
sites throughout the genome can function as DNA damage-
responsive enhancer elements. Moreover, we have uncov-
ered a previously unappreciated role for p53 in the mod-
ulation of chromatin accessibility at enhancers during the
DNA damage response. The ability to bind and activate reg-



ulatory elements located within inaccessible chromatin may
explain how p53 can effectively mediate cellular stress re-
sponses across a wide variety of tissues and cell types that
harbor diverse chromatin landscapes.
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